During photosynthesis, two photoreaction centers located in the thylakoid membranes of the chloroplast, photosystems I and II (PSI and PSII), use light energy to mobilize electrons to generate ATP and NADPH. Different modes of electron flow exist, of which the linear electron flow is driven by PSI and PSII, generating ATP and NADPH, whereas the cyclic electron flow (CEF) only generates ATP and is driven by the PSI alone. Different environmental and metabolic conditions require the adjustment of ATP/ NADPH ratios and a switch of electron distribution between the two photosystems. With the exception of PGR5, other components facilitating CEF are unknown. Here, we report the identification of PGRL1, a transmembrane protein present in thylakoids of Arabidopsis thaliana. Plants lacking PGRL1 show perturbation of CEF, similar to PGR5-deficient plants. We find that PGRL1 and PGR5 interact physically and associate with PSI. We therefore propose that the PGRL1-PGR5 complex facilitates CEF in eukaryotes.
INTRODUCTION
During photosynthesis, light energy is utilized by two spatially separated photoreaction centers located in the thylakoid membranes of the chloroplast, photosystems I (PSI), and II (PSII), to mobilize electrons and ultimately to synthesize ATP and NADPH. Three modes of photosynthetic electron transport exist: in noncyclic (or linear) electron flow (LEF) from water to NADP + and in pseudocyclic electron flow (PEF) (or ''water-water cycle'') from water to molecular oxygen PSII and PSI operate in series, while cyclic electron flow (CEF) is driven by PSI alone (reviewed in Allen, 2003) . LEF, PEF, and CEF are coupled to the generation of a transthylakoid proton gradient (DpH) that drives ATP synthesis, but only LEF produces NADPH. Because the ratio of ATP/ NADPH needs to be adjusted to match changing metabolic and photoprotective demands, regulation of the distribution of electrons between LEF and CEF, and thus between the two photosystems, is important for effective photosynthesis (Vallon et al., 1991; Niyogi, 1999; Kramer et al., 2004) . CEF operates efficiently in cyanobacteria, in unicellular algae, and in certain tissues of C4 plants (Herbert et al., 1990; Asada et al., 1993; Ravenel et al., 1994; Mi et al., 1995; Finazzi et al., 1999) . Earlier studies had suggested that CEF is rather insignificant in C3 plants during steady-state photosynthesis (Herbert et al., 1990; Harbinson and Foyer, 1991; Havaux et al., 1991; Bendall and Manasse, 1995; Joet et al., 2002) , but more recent work implies that CEF might contribute substantially to photosynthetic electron flow, at least under certain conditions, for instance during induction of photosynthesis and under stressful conditions like drought, high light, or low CO 2 (Clarke and Johnson, 2001; Joliot, 2002, 2006; Golding and Johnson, 2003; Golding et al., 2004) .
LEF also requires the membrane-bound cytochrome b 6 /f complex (Cyt b 6 /f), as well as the mobile electron carriers plastoquinone (PQ), plastocyanin (Pc), and ferredoxin (Fd). CEF shares some components with LEF (PQ, Cyt b 6 /f, Pc, PSI, and Fd) and starts with light-dependent excitation of P 700 , the primary electron donor of PSI, and eventually results in electron transfer to Fd. Oxidized P 700 + is then reduced by electrons from the PQ pool via Cyt b 6 /f and Pc. To complete the cycle, electrons from Fd must eventually be donated to PQ. There are two principal routes for this. The NAD(P)H-dehydrogenase (NDH)-dependent pathway plays a major role in cyanobacteria and in certain tissues of C4 plants (Mi et al., 1994; Takabayashi et al., 2005) , but its contribution in C3 plants is still ambiguous (Burrows et al., 1998; Havaux et al., 2005; Rumeau et al., 2005; Nandha et al., 2007) . The Fd-dependent pathway (or ''CEF around PSI'') bypasses NADPH and may play a major role in the acidification of the thylakoid lumen of C3 plants (Munekage et al., 2002 (Munekage et al., , 2004 . This DpH should in turn contribute to the downregulation of PSII by nonphotochemical quenching (NPQ), the thermal dissipation of excess light energy absorbed by PSII (reviewed in Niyogi, 1999; Shikanai, 2007) . It is still not clear whether Fd reduces PQ via Cyt b 6 /f (Zhang et al., 2001; Kurisu et al., 2003; Stroebel et al., 2003; Joliot et al., 2004; Joliot and Joliot, 2006; Kramer et al., 2004) or directly by means of a Fd:PQ reductase (FQR) (Moss and Bendall, 1984; Cleland and Bendall, 1992; Okegawa et al., 2005 ) that has not yet been isolated. The CEF/LEF ratio is thought to be modulated by competition between CEF and LEF for reduced Fd, with the relative rates of the two processes being determined by the chloroplast redox poise, and in particular by the balance between PSI donor and acceptor redox states (Joliot and Joliot, 2002; Kramer et al., 2004) . A highly active Calvin cycle should form an efficient sink for electrons from PSI and thus favor LEF, whereas CEF will predominate when the dark reactions of photosynthesis are downregulated-for instance, during dark-to-light transitions or under conditions of environmental stress (Breyton et al., 2006) . Under conditions of low ATP supply, CEF alone might not suffice to activate LEF. In fact, PEF is thought to restore the redox poise when the electron transport chain is overreduced, thereby activating CEF, which in turn generates the DpH and extra ATP for the Calvin cycle to oxidize NADPH (reviewed in Allen, 2003) . Reductions in induced NPQ should therefore accompany defects in CEF. Indeed, a previous screen for Arabidopsis mutants that show decreased NPQ identified the small thylakoid protein PGR5, which is involved in Fd-dependent CEF (Munekage et al., 2002) . The crr2 pgr5 double mutant defective in both NDH-and Fd-dependent CEF shows very retarded growth, suggesting that CEF around PSI is always essential for efficient photosynthesis in C3 plants (Munekage et al., 2004) . However, the molecular function of PGR5 and the regulation of the switch between CEF and LEF in C3 plants remain unclear.
Here we show that the thylakoid transmembrane protein PGRL1 represents a novel component of Fd-dependent CEF, interacting functionally and physically with PGR5 in Arabidopsis. Our data suggest that a PGRL1-PGR5 complex transiently interacts with PSI and Cyt b 6 /f to allow efficient CEF around PSI.
RESULTS

PGRL1 Is an Integral Thylakoid Protein
Groups of transcriptionally coregulated nuclear genes (regulons) in Arabidopsis thaliana that were enriched for photosynthetic genes have been previously identified (Biehl et al., 2005) . These photosynthetic regulons include genes of unknown function, the products of which represent putative photosynthetic proteins. One of these, designated PGRL1 (because of its pgr5-like photosynthetic phenotype; see below), is encoded by the two highly homologous genes At4g22890 (PGRL1A) and At4g11960 (PGRL1B) (Figure 1 ), which are located in segmentally duplicated regions of the A. thaliana genome. Genes for PGRL1 homologs exist in the nuclear genomes of algal and plant species, but not in prokaryotes. All PGRL1 proteins share a predicted N-terminal chloroplast transit peptide, two predicted transmembrane domains (TMs) separated by a loop of 19 amino acids, and a stretch of negatively charged amino acids in the N-terminal loop of the mature protein (Figure 1) .
Both Arabidopsis isoforms of the protein, PGRL1A and B, are located in the chloroplast, as shown by in vivo subcellular localization of full-length N-terminal fusions to the dsRED protein and by the uptake into chloroplasts of PGRL1A and PGRL1B translated in vitro, with concomitant removal of their transit peptides (Figures 2A and 2B ; Supplemental Experimental Procedures available online). Chloroplast subfractionation after import revealed that both isoforms are thylakoid proteins ( Figure 2C ). PSII-O is a peripheral, lumen-exposed thylakoid protein and can be released by treatment of thylakoid membranes with urea. Under such conditions, PGRL1 translated in vitro remains predominantly associated with the membrane fraction ( Figure  2D ), indicating that it is an integral thylakoid protein, as already suggested by the presence of TMs (see Figure 1) .
To determine the topology of PGRL1 more precisely ( Figure 2E ), thylakoids were subjected to mild digestion with trypsin, such that only the stroma-exposed face was accessible to the protease. As expected, PSII-O on the lumen side of the thylakoid membrane was not affected, whereas multiple proteolytic fragments of PGRL1 were detected ( Figure 2F ). Because the N-and C-terminal parts of PGRL1, but not the loop between the TM domains, contain trypsin cleavage sites, Topology 1 depicted in Figure 2E represents the actual topology of PGRL1. The appearance of two unexpected, larger fragments might indicate that certain domains of PGRL1 are relatively more resistant to trypsin, perhaps implying tight interactions of PGRL1 with other stroma-exposed thylakoid proteins. Indeed, when protein complexes were released from the thylakoid membrane by treatment of thylakoids with b-dodecylmaltoside prior to exposure to trypsin, both PSII-O and PGRL1 were completely degraded ( Figure 2G ). The topology of the endogenous Arabidopsis PGRL1 protein was also examined by immunoblotting. A PGRL1-specific antiserum raised against the first 140 N-terminal amino acids of the mature protein (see Figure 1 ) failed to detect PGRL1 in trypsin-treated membranes ( Figure 2H ), confirming that its N-terminal region is exposed to the stroma.
Mutants Lacking PGRL1 Are Impaired in Photosynthesis Insertion mutants for PGRL1A and PGRL1B were obtained from publicly available T-DNA insertion collections ( Figure 3A) , and each lacked the respective transcript ( Figure 3B ). The pgrl1a pgrl1b double mutant (pgrl1ab) was generated by crossing single pgrl1a and pgrl1b knockouts and screening the resulting F2 generation for homozygous double mutants. All single mutants retained varying amounts of PGRL1 protein derived from the nonmutated PGRL1 locus ( Figure 3C ), and they were indistinguishable from the wild-type (WT) with respect to their developmental behavior ( Figures 3D and 3E ). The pgrl1ab double mutant entirely lacked PGRL1 transcripts and the PGRL1 protein, grew slowly, and had pale green leaves ( Figures  3C-3E ; Table S1 ). The leaf color can be attributed to a decrease in chlorophyll concentration (chlorophyll a + b) (Table S2) . WT-like growth and leaf color were fully restored by expression, in the pgrl1ab background, of either PGRL1A or PGRL1B under the control of the 35S promoter of Cauliflower Mosaic Virus, indicating that the two genes are functionally redundant.
Photosynthetic electron flow, measured on the basis of chlorophyll fluorescence, was altered at high light intensities (>400 mE/m 2 s) in pgrl1ab plants, but not in either of the single mutants ( Figure 4A ; Table S3 ). The maximum quantum yield (F V /F M ) in the pgrl1ab double mutant was normal, but it showed a moderate decrease in the effective quantum yield (F II ) and a slight increase in the fraction of Q A (the primary electron acceptor of PSII) present in the reduced state (1-qP) (Table  S3 ). These findings suggest that electron flow through PSII is unaltered but that a later electron transfer step is affected. Increasing light intensity leads to induction of NPQ in WT plants, but in the pgrl1ab mutant the degree of induction was substantially reduced. This is reminiscent of the behavior of the pgr5 mutant, which is defective in Fd-dependent CEF (Munekage et al., 2002) ( Figure 4B ). An indirect method to measure CEF is to monitor NPQ induction during dark-to-light transition. In WT, NPQ was transiently induced within 1 min light (80 mE/m 2 s) and relaxed within 2 min postinduction ( Figure 4C ), a behavior thought to be caused by a transient imbalance between generation (by CEF) and relaxation (by ATP synthase activity) of DpH The amino acid sequence of the Arabidopsis PGRL1A protein (At4g22890) was compared with the PGRL1B sequence (At4g11960) and with other related sequences from Oryza sativa (Os08g0526300, Os03g0857400), Populus trichocarpa (Protein IDs gw1.I.9237.1 and grail3.0018022902), and Chlamydomonas reinhardtii (Protein ID 183448). Black boxes indicate strictly conserved amino acids, and gray boxes closely related ones. Negatively charged amino acids are indicated by asterisks. Putative chloroplast transit peptides are indicated in italics, and the two transmembrane domains (TM1 and TM2) are highlighted. Note that the Chlamydomonas TM1 is predicted to contain N-terminally of the consensus TM in addition the amino acids ''LRMT'' (position 182-185). (Munekage et al., 2002) . Both pgrl1ab and pgr5 mutants exhibited a severe reduction in the rapid and transient induction of NPQ ( Figure 4C ), which is attributed to CEF around PSI during the reactivation of photosynthesis upon exposure to light (Munekage et al., 2002) . If indeed Fd-dependent CEF is affected in pgrl1ab, one would expect to see an effect on the oxidation state of the PSI reaction center (P 700 ) and on reduction of PQ, as in the case of the pgr5 mutant (Munekage et al., 2002) . The dependence of the P 700 oxidation ratio (DA/DAmax) on light intensity in pgrl1ab plants, measured as absorbance changes at 820 nm, was indeed found to be very similar to that seen in the pgr5 mutant, where the decrease in CEF is thought to lower the ATP/NADPH ratio during photosynthesis, leading to stromal overreduction and depletion of NADP + , thus indirectly decreasing P 700 oxidation by charge recombination (Munekage et al., 2002; Shikanai, 2007) ( Figure 4D ). To investigate the decrease in P 700 oxidation observed in pgrl1ab and pgr5 in more detail, the amount of photooxidizable P 700 was measured as a function of the dark interval between two consecutive illuminations. In WT, very short dark periods (%5 ms) are sufficient to allow complete reduction of P 700 + , which can then be reoxidized during the subsequent light period.
In contrast, in pgrl1ab and pgr5 plants reoxidation of P 700 in the light is slow (t 1/2 of 50 ms) (Figures 4E and S1A), suggesting that, in the absence of PGRL1 or PGR5, the regeneration of PSI acceptors is impaired, i.e., a significant portion of the PSI acceptors remain reduced during the dark period.
pgrl1 Mutants and pgr5 Mutants Are Similarly Affected in CEF To assess electron transfer from Fd to PQ during CEF around PSI, Fd-dependent reduction of PQ was monitored in situ as an increase in chlorophyll fluorescence under low measuring light (Munekage et al., 2002 ) ( Figure 4F ). In WT, the addition of NADPH and Fd to ruptured chloroplasts induces a marked increase in chlorophyll fluorescence that reaches a plateau after 60 s. In this in situ assay NADPH is thought to transfer electrons to Fd via the reverse reaction of the Fd:NADP + reductase (FNR). In pgrl1ab plants, as in the pgr5 mutant (Munekage et al., 2002) , the increase in chlorophyll fluorescence reaches a markedly lower plateau compared to WT, suggesting that PGRL1 and PGR5 operate in the same pathway associated with Fd-dependent CEF. In the same assay, the psad1-1 (Ihnatowicz et al., 2004) and psae1-3 (Ihnatowicz et al., 2007) mutants, which both display a pronounced decrease in subunits forming the stromal part of PSI and both exhibit a severe impairment of PSI oxidation and a partial block in LEF, were examined. Both mutants exhibited an increased CEF efficiency compared to WT, as indicated by the fact that chlorophyll fluorescence reaches a higher plateau.
To measure the rates of CEF around PSI in intact leaves, the kinetics of P 700 oxidation were followed after illumination with far-red light when PSII has a 10-fold lower turnover rate than PSI (Joliot and Joliot, 2005) . In this intact-leaf assay, the relatively slow P 700 oxidation observed in dark-adapted leaves is thought to signal the occurrence of CEF, whereas the fast P 700 oxidation observed in light-adapted leaves should reflect the rate of LEF because the Calvin cycle is activated (Joliot and Joliot, 2005) . Without preillumination, pgrl1ab, pgr5, and WT plants followed by a 2 min dark period (black bar). Note that NPQ induction during the activation period of photosynthesis is thought to be caused by the transient acidification of the thylakoid lumen when CEF activity is higher than the activity of the ATP synthase.
(D) Dependence of the P 700 oxidation ratio (DA/DAmax) on light intensity. (E) P 700 oxidation as a function of the dark interval (5 ms to 1 s) between two consecutive illuminations (see Figure S1A for original data). The level of P 700 oxidation corresponds to the amount of P 700 reduced during the dark period. Data are expressed as relative values.
(F) Quantification of CEF in situ. Increases in chlorophyll fluorescence were measured in ruptured chloroplasts under low measuring light (1 mE/m 2 s), after the addition of NADPH and Fd. At this light intensity, the fluorescence level should predominately reflect the reduction of plastoquinone by cyclic electron transport from ferredoxin, not by PSII photochemistry (Munekage et al., 2002) .
(G) Quantification of CEF in intact leaves. P 700 oxidation was induced by illumination with far-red light (see Figure S1B for detailed data). Dark-adapted leaves from WT (open circles), pgrl1ab (filled circles), and pgr5 (squares) plants were illuminated for different times with green light to induce LEF (black borders/filling, 0 s; red, 20 s), and P 700 oxidation was recorded 200 ms after the green light was switched off. A 5 min exposure to green light, followed by 2 min in the dark, is indicated by green borders/filling. Data are expressed as relative values.
(H) Quantification of CEF in WT (open circles) and psad1-1 mutant (filled diamonds) plants using the intact-leaf assay as in (G) (see Figure S1C for detailed data).
Note that the psae1-3 mutant behaved similarly to psad1-1 (data not shown).
exhibited similar P 700 oxidation kinetics, an observation that has previously been suggested to reflect similar abilities to perform CEF (Nandha et al., 2007) . In leaves that were first illuminated for 5 min with green light to activate LEF, oxidation of P 700 occurred as rapidly in pgrl1ab plants as in the pgr5 mutant and in WT plants. These results imply that, under these conditions, LEF has replaced CEF with equal efficiency in all three genotypes ( Figures 4G and S1B ). However, after shorter periods of priming with green light, both pgrl1ab and pgr5 showed faster P 700 oxidation than WT, clearly implying that the CEF-to-LEF transition occurs more rapidly in the two mutants.
In the same assay, P 700 oxidation is suppressed in dark-adapted leaves of psad1-1 (Figures 4H and S1C ) and psae1-3 (data not shown) mutants, indicating that they display increased rates of CEF. Because in psad1-1 and psae1-3 plants CEF around PSI appeared to be increased in both the in situ and the intact-leaf assay ( Figures 4F and 4H ), an increase in lumen acidification with concomitant enhancement of NPQ induction would be expected in the mutants. Previous measurements of NPQ, both under constant light and as a function of changing light intensity, have shown that plants with less PSI-D exhibit an increase in NPQ and in the size of the pool of xanthophyll cycle pigments (Haldrup et al., 2003; Ihnatowicz et al., 2004) . Indeed, in both psad1-1 and psae1-3 plants, a dark-to-light transition provokes a more rapid and transient induction of NPQ than is observed in WT plants ( Figure 4I ). This indicates either that destabilization of the stromal ridge of PSI indirectly increases CEF as a regulatory response to the decrease in LEF, or that the altered structure of mutant PSI directly increases its affinity for components of CEF, resulting in a higher rate of CEF in the psad1-1 and psae1-3 mutants. Taken together, both the intact-leaf assay and the in situ assay indicate that CEF is perturbed to similar extents in pgrl1ab and pgr5 mutants. However, the relative severity of the CEF defect revealed by the two assays differs (Nandha et al., 2007; see Discussion section) . In the psad1-1 and psae1-3 mutants, CEF appears to be increased.
PGRL1
Interacts with PGR5, PSI, FNR, and Cyt b 6 /f To investigate whether, in addition to their functional interaction, PGRL1 can also interact physically with PGR5, we employed split-ubiquitin and two-hybrid assays in yeast ( Figures  5A and 5B), as described in the Supplemental Experimental Procedures. In the split-ubiquitin assay, PGRL1 and PGR5 interacted ( Figure 5A ). Because the topology of PGRL1 allows efficient protein-protein interaction only with the stroma-exposed N-and C-terminal loops (see Figure 2E ), we infer that PGR5 must be located at the stromal face of the thylakoid membrane. The stromal exposure of PGR5 was indeed confirmed by protease protection assays ( Figure S2 ). To identify further physical interactions between PGRL1 (or PGR5) and other thylakoid proteins thought to be involved in CEF around PSI, interaction studies were extended to Fd, PSI-D, Cyt b 6 (PetB), and the two FNR isoforms, FNR1 and FNR2. Whereas PGR5 interacts in yeast two-hybrid assays with Fd and in the split-ubiquitin assay with Cyt b 6 , the PGRL1 protein interacts in the split-ubiquitin assay with Fd, PSI-D, Cyt b 6 , FNR1, and FNR2 ( Figures 5A  and 5B ), pointing to a central role for PGRL1 in multiple interactions between components of Fd-dependent CEF. To determine which of the two stroma-exposed loops of PGRL1 is responsible for the protein-protein interactions described above, additional yeast two-hybrid analyses were performed. Interaction between PGRL1 and Fd were found to require the C-terminal loop of the former (see ''C-PGRL1'' in Figure 5B) . Binding between the individual loops and PGR5, the FNR isoforms, PSI-D, or Cyt b 6 could not be detected (data not shown), implying that both loops might be required for such interactions. The abundance of negatively charged amino acids in the N-terminal loop of PGRL1 (see Figure 1) , however, indicates that the positively charged PGR5 protein (Munekage et al., 2002) might interact with this part of the mature PGRL1 protein.
PGRL1 Interacts In Planta with PSI and PGR5 But Is Not a Constitutive Subunit of Any Major Thylakoid Multiprotein Complex
The relationship between PGRL1 and other thylakoid proteins, in particular PGR5, was also studied using 2D gel methods. In the pgrl1ab mutant, the stability of the major thylakoid multiprotein complexes was not noticeably affected ( Figure S3 ). Immunoblot analyses of total leaf proteins from photosynthetic mutants lacking PSII, PSI, Cyt b 6 /f, or the chloroplast ATPase indicated that PGRL1 can accumulate independently of the major thylakoid protein complexes ( Figure 5C ). As in the pgr5 mutant (Munekage et al., 2002) , Cyt b 6 /f and NDH complexes accumulate to WT levels in pgrl1ab plants, as indicated by immunoblot analyses of representative subunits ( Figure 5D ).
However, in the absence of PGRL1, no accumulation of PGR5 was observed, whereas PGR5 expression is not essential for accumulation of PGRL1 ( Figure 5C ). To probe the relationship between PGRL1 and PGR5 in more detail, thylakoid preparations from WT, pgrl1ab, and pgr5 plants were immunoblotted and analyzed with antibodies specific for PGRL1 and PGR5 (Figures 5E). Whereas PGRL1 can stably accumulate in plants devoid of PGR5, no traces of the PGR5 protein could be detected in thylakoid preparations from plants lacking PGRL1. At the mRNA level, the accumulation of PGR5 and PGRL1 transcripts was not affected in pgrl1ab and pgr5 plants, respectively (Table S1 ), indicating that the changes in protein abundance noted above occur at the translational or posttranslational level.
Although presence of PSI is not required for the stable accumulation of PGRL1 (see Figure 5C ), the protein is found together with PGR5 in PSI preparations from WT plants ( Figure 5E ), indicating that the two proteins at least transiently associate with the PSI complex. This association, however, plays no role in stabilizing the PSI complex because absence of PGRL1 (or PGR5) has no effect on the composition of the PSI complex or on the accumulation of its various subunits ( Figure 5F ).
Synthetic Phenotype of pgrl1ab psad1-1 Triple Mutants
To clarify whether the abundance of putative components of CEF on the stromal side of PSI is changed in mutants with decreased (prg5 and pgrl1ab) or increased (psad1-1 and psae1-3) CEF rates, PGR5, PGRL1, Fd, and FNR were analyzed by western blotting of proteins isolated from total chloroplasts, stroma, or thylakoids ( Figure 5G ). Lack of PGR5 or PGRL1 has no marked effect on the abundance of Fd and FNR, although a slight increase in the stromal fraction of FNR can be seen. The increase in CEF in psad1-1 and psae1-3 is associated with increased levels of PGRL1 and PGR5, with a slight increase in the abundance of thylakoid-associated FNR, and with markedly increased amounts of Fd in the thylakoid fraction. Interestingly, Haldrup et al. (2003) found the amount of Fd in total protein extracts of PsaD antisense plants to be only slightly increased relative to WT, and in our hands Fd levels were not markedly altered in the total chloroplast preparations from psad1-1 or psae1-3 plants ( Figure 5G ), suggesting that the surplus protein might be associated with PGRL1-PGR5 and/or Cyt b 6 /f (Zhang et al., 2001) or another thylakoid component.
The increase in levels of PGRL1 and PGR5, together with Fd and FNR associated with thylakoids, seen in psad1-1 and psae1-3 plants might indicate that their markedly increased rates of CEF ( Figures 4F and 4H ) are functionally linked to the rise in levels of the PGRL1-PGR5 complex. If this hypothesis is true, measurable consequences for plant performance would be expected if one deprives psad1-1 or psae1-3 plants of the ability rapidly to switch from LEF to CEF by introducing the pgrl1ab mutation, thereby removing the PGRL1-PGR5 complex. To this end, pgrl1ab psad1-1 triple mutants were generated by crossing. The triple mutants indeed showed markedly decreased growth, very pale leaves, and a further impairment in photosynthesis ( Figure 6 ; Table S3 ), implying that enhanced CEF, which requires formation of the PGRL1-PGR5 complex, helps to compensate for the photosynthetic lesion induced by the psad1-1 mutation.
DISCUSSION
The mechanisms that regulate Fd-dependent CEF (or ''CEF around PSI'') are still unclear, but, in principle, there are two ways to shunt electrons from Fd back into PSI: (1) via the FQRdependent pathway to PQ (reviewed in Shikanai, 2007) or (2) to Cyt b 6 /f via FNR (Zhang et al., 2001; Joliot and Joliot, 2002; Kramer et al., 2004) . A supercomplex comprising PSI, Cyt b 6 /f, and Pc that is formed in response to changes in the stromal ATP concentration and operates to regulate the CEF/LEF ratio (Joliot and Joliot, 2002 ) so far could not be identified during proteomic studies (Breyton et al., 2006) , but its existence cannot be excluded.
Although PGR5 does not contain a sequence motif that qualifies the protein to participate directly in CEF, the lower plateau of chlorophyll fluorescence during Fd-dependent reduction of PQ in situ and the drop in NPQ seen in pgr5 mutants has lead to the suggestion that PGR5 plays a significant role in CEF around PSI (Munekage et al., 2002) . Alternative approaches to the measurement of CEF that resolve the much faster chlorophyll fluorescence changes in vivo have, however, suggested that in pgr5 mutants the maximum rate of CEF is only slightly affected (Nandha et al., 2007) , implying that PGR5 instead plays a role in regulating the switch between LEF and CEF and that absence of PGR5 reduces the capability of CEF to compete for electrons with LEF. However, even if only minor changes in CEF occur in the absence of PGR5, the resulting alterations in the ATP/ NADPH ratio should be sufficient to have substantial effects on ADP, P i , and NADP + levels, restricting the availability of PSI electron acceptors and thereby regulating LEF (Kramer et al., 2004; Avenson et al., 2005) . Overall, two major questions regarding Fd-dependent CEF remain open. (1) Does PGR5 play a direct or indirect (regulatory) role? (2) Which protein (complex) receives electrons from Fd? To address these questions we have identified and functionally characterized the PGRL1 protein.
Functional and Physical Interaction of PGRL1 and PGR5
Our results indicate that PGRL1 and PGR5 interact both functionally and physically: the pgrl1ab and pgr5 mutants show very similar growth behaviors (data not shown) and photosynthetic phenotypes; PGRL1 and PGR5 interact in yeast and copurify in PSI preparations; and accumulation of the peripheral PGR5 protein requires PGRL1 (but not vice versa). This suggests that PGR5, located at the stroma side of thylakoids (see Figure S2 ), is bound to the stroma-exposed domains of PGRL1 and that lack of PGRL1 prevents stable accumulation of PGR5. Because absence of PGR5 results in reduced accumulation of the PGRL1 protein, PGR5 may increase the stability of PGRL1. However, PGRL1 and PGR5 must work in concert to mediate (E) Immunoblot analysis of thylakoid samples (equivalent to 3.5 mg chlorophyll) or PSI preparations (equivalent to 5 mg chlorophyll) from WT, pgrl1ab, and pgr5 mutants, using antibodies specific for PGR5 or PGRL1. Cyt b 6 was used as a negative control for Cyt b 6 /f contamination in PSI preparations and AuroDye staining as loading control. (F) PSI subunit composition in WT, pgrl1ab, and pgr5 mutant plants. Identical amounts of PSI complexes (equivalent to 5 mg chlorophyll) isolated from WT and mutant leaves were fractionated by SDS-PAGE (16% to 23% acrylamide gel) and visualized by Coomassie blue staining. Positions of subunits previously identified by immunodetection are indicated. (G) Western analyses of stromal PSI-associated proteins putatively involved in CEF in WT and mutants with decreased (pgrl1ab and pgr5) or increased (psad1-1 and psae1-3) CEF. Antibodies specific for PGRL1, PGR5, Fd, and FNR were used to probe protein samples from total chloroplasts, thylakoids, and stroma preparations. Lanes of chloroplast fractions correspond to 5 mg of chlorophyll. Stroma and thylakoid fractions were obtained after lysis and fractionation of chloroplasts corresponding to 5 mg of chlorophyll. Antibodies specific for the large subunit of Rubisco (RbcL) and PSI-F were used as controls for the purity of the fractions. As a loading control, a replicate gel was stained with Coomassie blue (Coom.). efficient CEF around PSI: PGRL1 alone cannot support the process, as indicated by the pgr5 mutant, in which decreased amounts of PGRL1 are still expressed (see Figures 5C and 5E ) but a pgrl1ab-like CEF phenotype is nevertheless evident; on the other hand PGR5 cannot accumulate in the absence of PGRL1, as evident in the pgrl1ab mutant, implying at least a structural function for PGRL1.
A Model for the Role of PGRL1-PGR5 in Fd-Dependent CEF PGRL1 exhibits a number of characteristics that are compatible with a role as a regulator or component of Fd-dependent CEF.
(1) It is an integral thylakoid protein with two stroma-exposed domains, implying that it might be capable of interacting with stromal and/or stroma-exposed thylakoid proteins, as well as with other integral thylakoid proteins; (2) it indeed interacts in yeast with PSI, Fd, FNR, and Cyt b 6 /f-all components known or suspected to be involved in Fd-dependent CEF; (3) it copurifies with PSI. Together with its functional and physical interaction with PGR5, which is already known to be involved in CEF around PSI, and the concomitant increase in CEF, PGRL1-PGR5, and thylakoid-associated levels of Fd and FNR in the psad1-1 and psae1-3 mutants, these findings allow us to propose a model for the function of the PGRL1-PGR5 complex in Fd-dependent CEF. In Figure 7 , scenarios for the involvement of the PGRL1-PGR5 complex in LEF ( Figure 7A ) and CEF ( Figure 7B ) are shown. Two principal types of behavior of the PGRL1-PGR5 complex appear possible: the complex could be constitutively associated with PSI-which would argue for the occurrence of LEF1 and CEF3 or CEF4 (see Figure 7) . The copurification of PGRL1-PGR5 with PSI favors LEF1, but the accumulation of PGRL1-PGR5 in the absence of PSI (see Figure 5C ) and the present lack of biochemical evidence for a Cyt b 6 /f-PSI supercomplex clearly argue against CEF3 and CEF4. The stability of the PGRL1-PGR5 complex in the absence of PSI or Cyt b 6 /f makes it more likely that PGRL1-PGR5 can interact independently with each of the complexes, indicating that in vivo the variant CEF1 or CEF2 might operate. A further attractive feature of CEF1 is its compatibility with previous findings reporting an association of FNR with Cyt b 6 /f in spinach (Zhang et al., 2001 ) (see below).
Fd-Dependent CEF: Cyanobacteria versus Plants
Cyanobacteria possess no PGRL1 homolog and, unlike plant preparations, cyanobacterial Cyt b 6 /f preparations lack the FNR complex (Zhang et al., 2001) . This indicates that Fddependent CEF involving the PGRL1-PGR5-FNR-Fd complex ( Figure 7B ) might be restricted to eukaryotes, implying that CEF around PSI in cyanobacteria might depend on other proteins. In this respect it is interesting to note that the function of the PGRL1-PGR5 complex becomes limiting for plant performance under conditions where CEF is increased, as in the psad1-1 and psae1-3 mutants, for instance. In these genotypes the decreased abundance of subunits of the stromal face of PSI (Ihnatowicz et al., 2004 (Ihnatowicz et al., , 2007 is associated with an increase in CEF and in the induction of NPQ (see Figures 4F, 4H , and 4I). The latter response is likely to downregulate PSII activity, thus adjusting the rate of LEF to accommodate the impairment of PSI activity in these genotypes (Haldrup et al., 2003; Ihnatowicz et al., 2004 Ihnatowicz et al., , 2007 . In this context it can be concluded that the interaction between PGRL1 and PSI-D (see Figure 5A) is not essential for CEF in Arabidopsis. In contrast, CEF around PSI is not increased in cyanobacterial strains that lack PSI-E (Yu et al., 1993) . This can only be explained by assuming that different mechanisms of Fd-dependent CEF operate in cyanobacteria and plants.
Does PGRL1-PGR5 Play a Direct or Indirect Role in CEF around PSI? Based on our data, the PGRL1-PGR5 complex may either be essential for Fd-dependent CEF in plants or play a more indirect, regulatory role in this process. In the latter case, our model makes a number of predictions that can be experimentally tested. If PGRL1-PGR5 is a regulator rather than a component of CEF around PSI, as was suggested based on experiments with the pgr5 mutant previously (Nandha et al., 2007) , a basic Fd-dependent CEF mechanism-possibly conserved between cyanobacteria and plants-should exist and ''spontaneous'' interaction between its components should be possible (i.e., in the absence of PGRL1-PGR5). This would argue in favor of the scenario with a supercomplex (CEF3 and CEF4 in Figure 7B ), the formation of which would be promoted (or accelerated) by PGRL1-PGR5. In case of reversible migration of a PGRL1-PGR5-FNR-Fd complex between PSI and Cyt b 6 /f (CEF1 and CEF2 in Figure 7B ), a regulatory but nonessential function of PGRL1-PGR5 in CEF would imply that the FNR-Fd complex could migrate to Cyt b 6 /f without PGRL1-PGR5, albeit to a lesser extent or with altered kinetics, thus impairing the switch from LEF to CEF.
The Acceptor of Electrons from Fd in CEF:
FQR or Cyt b 6 /f ? Because the FQR enzyme has not been identified yet, its possible interaction with the PGRL1-PGR5 complex could not be CEF3 and CEF4) . Note that the inclusion of Cyt b 6 /f in the CEF scenarios is based on the independent interaction of PGR5 and PGRL1 with Cyt b 6 /f in yeast (see Figure 5A ) and the copurification of FNR, another interactor of PGRL1, with Cyt b 6 /f in flowering plants and not in cyanobacteria (Zhang et al., 2001) , which so far also lack a PGRL1 homolog (see main text).
In simpler models PGRL1-PGR5 either would replace FNR (when not considering the interaction between PGRL1 and FNR, as detected in Figure 5A ) or PGRL1-PGR5-FNR would represent the FQR itself.
tested in this work. The interaction of both PGRL1 and PGR5 with Cyt b 6 /f in yeast-in combination with the interaction of PGRL1 with FNR, which in turn has been reported to copurify with Cyt b 6 /f (Zhang et al., 2001 )-is compatible with the view that Cyt b 6 /f accepts electrons from Fd mediated by the action of PGRL1 and PGR5. In this respect, it is possible that no distinct FQR enzyme exists, but that the FQR activity might result directly from the concerted action of PGRL1, PGR5, and FNR.
EXPERIMENTAL PROCEDURES
Plant Lines, Propagation, and Growth Measurement Mutant lines were either obtained from the SAIL (Sessions et al., 2002) and SALK (Alonso et al., 2003) T-DNA mutant collections or from Toshiharu Shikanai (pgr5 mutant; Munekage et al., 2002) . Methods for plant propagation and for the measurement of their growth have been described elsewhere (Ihnatowicz et al., 2004 (Ihnatowicz et al., , 2007 .
Nucleic Acid Analysis
Arabidopsis DNA was isolated (Ihnatowicz et al., 2004) , and T-DNA insertion junction sites were recovered by PCR using combinations of insertion-and gene-specific primers and sequenced.
Analyses of Chlorophyll Fluorescence and P 700 Redox States Five plants of each genotype were analyzed and average values and standard deviations were calculated. Photosynthetic electron transport and NPQ were measured as described previously (Munekage et al., 2002; Ihnatowicz et al., 2004) . Changes in the redox state of P 700 were measured by monitoring absorbance at 810 nm and 860 nm with a PAM 101/103 chlorophyll fluorometer (Walz) connected to a dual wavelength ED-P 700 DW emitter-detector unit. Oxidized P 700 (DA) was recorded during illumination with actinic white light (from 70 to 800 mE/m 2 s). The maximum content of oxidized P 700 (DAmax) was recorded during illumination with far-red light (720 nm; 50 mE/m 2 s). The P 700 oxidation state was then calculated as (DA/DAmax). CEF-to-LEF transitions were measured as P 700 redox kinetics in intact leaves with a flash spectrophotometer as described before (Nandha et al., 2007) . Actinic light driving LEF was provided by a green LED peaking at 520 nm, and P 700 oxidation was measured at 820 nm (Breyton et al., 2006) . P 700 was specifically excited by far-red light and the maximum extent of P 700 + was estimated from the kinetics of P 700 oxidation as described (Joliot and Joliot, 2005) . The redox state of P 700 was measured as a function of the dark period between consecutive illuminations. The variable dark interval between the two illuminations (2 ms to 1 min) is designed to permit reduction of P 700 + and regeneration (oxidation) of PSI electron acceptors. After the dark period a short saturating pulse of light was applied to reoxidize P 700 . The level of P 700 reoxidation was then plotted as a function of the interval between the two illuminations.
In Situ Assay of Ferredoxin-Dependent Plastoquinone Reduction Activity Ferredoxin-dependent plastoquinone reduction activity was measured in ruptured chloroplasts as described (Munekage et al., 2002) using 5 mM spinach ferredoxin (Sigma) and 0.25 mM NADPH.
In Vitro Transcription and Translation
The PGRL1A and PGRL1B cDNAs were cloned 3 0 to the T7 promoter in the pGEM-T vector (Promega). mRNA was obtained by transcription with T7 RNA polymerase (MBI Fermentas Leon-Rot, Germany) and used for translation in wheat germ extracts (Wheat Germ Extract System, Promega, Madison, WI, USA) in the presence of 35 S-methionine. The PSBO construct was transcribed from the SP6 promoter, and proteins were synthesized in reticulocyte extracts (Flexi, Promega). All translation mixtures were centrifuged at 50,000 g (1 hr; 4 C) prior to import experiments.
Immunoblot Analyses and PGRL1-Specific Antiserum Thylakoid or total chloroplast proteins or PSI complexes were prepared from 4-week-old Arabidopsis leaves, fractionated on an SDS-polyacrylamide gradient gel (8%-25% polyacrylamide), and transferred to poly(vinylidene difluoride) membranes (Ihnatowicz et al., 2004) . Filters were then probed with antibodies specific for individual thylakoid proteins and signals were detected by enhanced chemiluminescence (Amersham Biosciences). PGRL1-specific antibodies were raised against the N-terminal loop (aa 61 to 200; N-PGRL1) of PGRL1A. For this purpose the corresponding cDNA was cloned into pET151Topo (Invitrogen) and transformed into the BL21Star strain of E. coli for IPTG-induced protein expression following the manufacturer's instructions. The N-PGRL1 protein was purified by virtue of its His-Tag using Ni-NTA Agarose (QIAGEN) and injected into rabbits for antibody production.
PSI Complex Preparation and Thylakoid Protein Isolation
Thylakoid membranes were prepared as described (Ihnatowicz et al., 2004 (Ihnatowicz et al., , 2007 , washed twice with 5 mM EDTA (pH 7.8), centrifuged (5 min, 10,000 g, 4 C), and resuspended in double-distilled water. After solubilization with 2%
(w/v) b-dodecyl maltoside for 10 min at 4 C, PSI isolation and subsequent fractionation by 16%-23% gradient SDS-PAGE were carried out as described (Ihnatowicz et al., 2007) . Proteins were visualized by staining with colloidal Coomassie blue.
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